Chemical risk assessment is fraught with difficulty due to the problem of accounting 28 for the effects of mixtures. In addition to the uncertainty arising from chemical- 
INTRODUCTION 53
In recent years, the legislation concerning the production and release of chemicals has 54 tightened considerably, leading to significant improvements in environmental quality. 55
However, in spite of these efforts, there is evidence to suggest that wildlife and human 56 health may be adversely affected by exposure to chemicals, even at low and environ-57 mentally relevant concentrations (e.g. Jobling and Tyler, 2006; Koppe et al., 2006) . 58
This has prompted concerns that the science on which chemical regulations and policy 59 decisions are currently based is not sound (Munns, 2006) . Existing procedures for 60
In the first experiment, temperature-related effects were explored by comparing the 172 VTG levels in the plasma of fish exposed to the mixture of estrogenic chemicals at 20 173 and 30°C for a period of two weeks. The response at each of these temperatures was 174 also related to that observed in a parallel exposure, conducted at 25°C, as well as that 175 reported by Brian et al. (2005) in a previous experiment. A subsequent experiment 176 was also carried out to investigate whether temperature influenced the response after 177 24 hours and seven days. In these more short-term studies, the expression of the VTG 178 gene in liver tissue was analysed alongside the induction of VTG protein. These two 179 closely related endpoints were analysed together to gain an insight into the molecular 180 basis for temperature-related effects on the VTG response. 181
Sampling and Analysis 182
At the end of the experiment, the fish were sacrificed by overdose with anaesthetic 183 (MS222; Sigma Aldrich). Six fish were sampled from each tank at each time point 184 (i.e. after two weeks exposure in the first and after 24 hours and seven days in the 185 second experiment, respectively). Their lengths and weights were recorded before 186 blood samples were collected from the caudal peduncle using heparinised capillary 187 tubes. Blood samples were centrifuged at 4000g for 5 minutes and the plasma drawn 188 off and stored at -20ºC for the determination of VTG protein levels. This was carried 189 out using a carp-VTG ELISA previously been validated for the measurement of VTG 190 in fathead minnow (Tyler et al. 1999). 191 Liver tissues were also collected from fish exposed to the mixture for 24 hours and 192 seven days. These were placed in RNA-free tubes, in which they were snap-frozen 193 and stored at -80 ºC. Total RNA was extracted using TriReagent (Sigma Aldrich). 194
The samples were then treated with DNase1 (Invitrogen). Total RNA concentrationswere then determined by UV spectrophotometry before differential gene expression 196 was performed by real-time QPCR, using an ABI Prism 7900HT sequence detection 197 system (Applied Biosystems) with one step SYBR green master mix (Qiagen). The 198 reactions were set up in triplicate in 96 well plates: each reaction was 25 l in volume 199 and initially contained 10 g of total RNA. 200
The primers used to analyse VTG gene expression in this species were designed by 201 with respect to a serial dilution of a sample from a female fish, which was run in all 208 assay plates. This approach is similar to that used by Schmidt et al. (2002) , although 209 these authors used an exposed male fish as a reference. Gene expression levels are 210 therefore presented as relative values, with the female being assigned a value of 100 211 and the responses of the males being presented proportionally. The expression of β-212 actin was also quantified, with a view to its use as a housekeeper, or internal control, 213 to account for small differences in the amount of starting material between samples. 214 However, subsequent analysis revealed an effect of estrogen treatment, as per Filby 215 and Tyler (2007) . Hence, the VTG gene expression data was analysed without the use 216 of a reference gene. 217
Statistical Analysis 218
The chemical concentrations in the fish tanks were analysed statistically to ensure that 219 there were no differences between the exposure levels in each temperature group. 220
The mean measured concentration at the beginning and end of each experiment was 221 calculated for each chemical. This then was converted into a proportional value by 222 dividing by the nominal concentration. Comparisons were then made between tanks 223 with the same nominal exposure levels in each of the temperature groups. This was 224 achieved using paired t-tests in Minitab 13.1 (Minitab Inc. State College, PA, USA). 225
The VTG protein concentrations were log transformed prior to normalisation, which 226 allowed the data to be plotted on a percentage response scale. The normalisation 227 procedure was carried out by subtracting the mean baseline response from all other 228 values. The baseline was determined by pooling the responses of fish maintained in 229 each of the NC tanks, which did not differ significantly from one another, along with 230 any other groups that did not respond to treatment. The corrected VTG values were 231 then divided by the mean response in the PC tank, which represented the maximum 232 response. This was determined from the 30 C exposure only, as opposed to pooling 233 the data from both PC tanks, as the response was greatest at this temperature. This 234 procedure enabled the response in all other treatment groups could be plotted on a 235 graded effect scale of between zero and a hundred. The percentage VTG response 236 was then plotted against the mixture dilution, on a log scale, which produced typical 237 concentration-response curves, similar to those reported in Brian et al. (2005) . 238
The effect of treatment on VTG protein induction and gene expression was explored 239 by determining the response, at each time-point, under the different thermal regimes. 240
The data were fitted to a sigmoidal dose-response model, with variable slope, using a 241 four parameter logistic equation. The top and bottom of the curve were constrained to 242 the mean of the responses observed following exposure to the highest and lowest 243 mixture dilutions, respectively. Best-fits were then determined for the median effect 244 concentration (EC 50 ), based on the nominal mixture dilution, under each thermal 245 regime. These values were then compared to assess whether there was any effect of 246 temperature. These analyses were performed using the non-linear regression function 247 of GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). The ratio between 248 the levels of VTG protein:gene expression in each treatment group were also 249 calculated, as per Mackay and Lazier (1993) . The efficiency with which the 250 molecular signal was translated into a proteomic response at each temperature was 251 then compared using the paired t-tests (Minitab 13.1). 252
RESULTS 253

Analytical Chemistry 254
The analysis of the chemical concentrations in each fish tank revealed that there was 255 good agreement between the nominal and actual exposure levels at both temperatures 256 during each experiment ( Figure 1 ). No significant differences were detected between 257 the actual exposure levels in each temperature group in the first experiment. In the 258 second experiment, however, slightly higher levels of NP and OP were detected at 259 30ºC than at 20 ºC. In the case of OP, there was a statistically significant difference 260 (t=-4.91, p<0.01, n=6). However, this pattern was not consistent across all chemicals: 261 the concentrations of E2, EE2 and BPA were close to nominal in both temperature 262 groups. As the mixture was delivered to the tanks as a single stock, any "real" 263 discrepancies in the exposure levels should have been apparent for all chemicals. It 264 was therefore concluded that the differences in the levels of the alkylphenols between 265 the two temperature groups probably occurred as a result of an analytical anomaly, asopposed to a real difference, and that the actual exposure levels were the same across 267 all experiments. 268
VTG Protein Induction 269
The analysis of the levels of VTG protein after two weeks of exposure to the mixture 270 in the first experiment revealed clear and consistent concentration-response curves. between them was no longer statistically significant. This pattern indicates that the 288 proteomic VTG response is initially more sensitive to the effects of temperature, with 289 a 2.6-fold difference in the potency of the mixture being detected after 24 hours. 290
However, temperature-related effects were transient and were detected only during the 291 early stages of exposure. After 7 days, there was no evidence of a difference in the 292 VTG protein levels in fish maintained under each thermal regime. 293
VTG Gene Expression 294
A similar pattern was evident from the analysis of the VTG gene expression data after 295 24 hours (Figure 4 ). This revealed a clear difference between the response exhibited 296
by the fish at each temperature (p<0.0001), with a log EC 50 value of 1.15 (0.904-1.39) 297 and 0.444 (0.369-0.519) at 20 and 30ºC, respectively. The increase in the potency of 298 the mixture at the higher temperature was of a similar magnitude to that reported for 299 VTG protein. In contrast with the proteomic response, however, there was a reversal 300 in this pattern after 7 days of exposure, by which time the gene expression levels had 301 risen in fish maintained at 20ºC to a greater extend than in those maintained at 30ºC. 302
This meant that there was a small, but statistically significant difference between the 303 best estimates for the log EC 50 values at each temperature (p<0.01). These values 304 were 0.397 (0.323-0.464) and 0.540 (0.449-0.630) at the lower and upper temperature, 305 respectively. 306
Gene Expression vs. Protein Induction 307
Analysis of the ratios between each of the VTG responses (Table 1) revealed that the 308 quantity of VTG protein per unit of gene expression increased from day 1-7. This is 309 consistent with there being a time lag between the molecular response, in terms of an 310 increase in VTG gene transcription, and its translation into VTG protein at a higher 311 organisational level. In general, the ratios also appeared to increase with the exposure 312 concentration, which may reflect differences in the response range for each endpoint:the proteomic response is exceptional as it can vary over several orders of magnitude. 314
Furthermore, the ratio between the levels of VTG protein:gene expression revealed a 315 significant effect of temperature at both time points (p<0.001), reflecting a difference 316 in the efficiency of gene translation and/or post-translation processing under each 317 thermal regime. 318
DISCUSSION 319
The results of the first experiment were somewhat surprising in that there was no 320 evidence of a temperature-dependent effect on the estrogenic response to the mixture, 321 in terms of the induction of proteomic VTG. This was not consistent with findings 322 from earlier studies on salmonid species. Korsgaard et al. (1986) reported that the 323 VTG response of Altlantic salmon (Salmo salar) injected with E2 at regular intervals 324 over a 10-day period was strongly influenced by temperature. Male post smolts that 325 were acclimated and maintained at 3 C showed little or no VTG response, whereas 326 those maintained at 10 or 15 C during treatment showed a greater accumulation of 327 VTG, both in terms of hepatic RNA and alkali-labile phosphorous levels in plasma, 328 at higher ambient temperatures. The authors suggested that this might be due to the 329 inhibition of VTG gene expression at lower temperatures. Similarly, an investigation 330 into the estrogen responsiveness of juvenile rainbow trout (Oncorhynchus mykiss) 331 revealed that both the rate and the magnitude of the VTG response increased with 332 temperature. Mackay and Lazier (1993) reported that VTG protein could be detected 333 in the serum of fish maintained at 15 C within 24 hours of exposure to E2, compared 334 to 72 hours at 9 C. After ten days, VTG protein response was 10-fold higher in fish 335 exposed at 15 C. A similar pattern was evident from the analysis of gene expression.
In view of the published evidence, there are several possible explanations for the 337 absence of temperature-dependent effects in this experiment. Firstly, it is possible 338 that the influence of temperature is chemical specific: both of the previous studies 339 investigated the effects of temperature on the estrogenic response to E2 on its own, 340 whereas our study assessed the effects of a mixture. This was believed to be more 341 representative of a real world exposure situation, as well as increasing the likelihood 342 of detecting an effect of temperature in the event that this was specific to a particular 343 type of chemical. However, this possibility was considered unlikely: although a wide 344 range of structurally diverse chemicals have estrogenic properties, which is reflected 345 in the composition of the mixture, they share a common mechanism (i.e. estrogen 346 receptor binding). Hence, we concluded that any temperature-dependent effects on 347 the VTG response would have been evident from the analysis of fish exposed to the 348 mixture, as well as those exposed to E2 alone. 349
We then considered whether the effects of temperature could be related to the route 350 of chemical exposure (i.e. injection vs. waterborne exposure) or whether the response 351 was likely to be species specific (i.e. salmonid vs. cyprinid fish). Salmon and trout 352 live in coldwater habitats and spawn once during their annual reproductive cycle, 353 whereas fathead minnows have adapted to live at much higher temperatures and have 354 a prolonged breeding season, spawning on a continuous cycle, every few days, for 355 several months of the year. It is therefore possible that they differ in their sensitivity 356 to the effects of temperature due to differences in their reproductive biology. 357
More recently, however, it has been demonstrated that the VTG response of goldfish 358 (Carrasius aurarus) exposed to waterborne E2 is strongly influenced by temperature 359 (Ishibashi et al., 2001) , which suggests that neither of the factors outlined above arelikely to be responsible for the absence of a temperature-dependent response in our 361 study. Analysis of the VTG response of goldfish was particularly interesting in that it 362 revealed that the effects of temperature were more pronounced during the early stages 363 of exposure: after 24 hours, the levels of VTG protein were 10 000 times higher in 364 fish maintained at 30 C than at 10 C, whereas after five and ten days, the response 365 differed by a factor of 100 and 10, respectively. This response pattern, which was not 366 reported in the earlier studies, provides a potential explanation for the apparent lack 367 of temperature-dependent effects in the present study. 368
Here, the effects of temperature on the VTG response of fathead minnows were 369 assessed after a two-week exposure period, in order that the data could be compared 370 to an existing dataset (Brian et al., 2005) . However, patterns of VTG induction in 371 goldfish maintained at different temperatures indicate that the effects of temperature 372 become increasingly difficult to detect with increasing duration of exposure and, 373 whilst there was a difference in the VTG response at each time point, it was not 374 possible to determine whether there was any effect on the maximal response because 375 the VTG levels in fish maintained at the lower temperature did not plateau over the 376 course of the ten day exposure. It is therefore possible that, after a more prolonged 377 period, the effects of temperature become less apparent and, ultimately, cannot be 378 detected. This would explain why the VTG response in the first experiment in the 379 present study appeared to be unaffected by thermal regime. 380
As a result, a second experiment was carried out to determine whether temperature-381 dependent effects on the VTG response could be detected at an earlier stage of 382 exposure. Suitable time points for assessing the response were identified using data 383 from a preliminary study, in which we characterised the VTG response of fish in thePC groups at several time-points throughout the course of the two-week exposure. 385
The results confirmed our suspicions: there was a significant effect of temperature on 386 the first and second day of exposure, which became less pronounced between days 387 four and seven, and disappeared after an exposure period of two weeks (data not 388 shown). As a result, it was decided to sample fish exposed to the mixture at two time 389 points: after 24 hours and seven days. In this experiment, we investigated the effects 390 of temperature on an additional endpoint: levels of VTG gene expression were 391 analysed alongside the induction of VTG protein. 392
The determination of VTG protein revealed a significant effect of temperature after 393 24 hours of exposure. The difference was most pronounced when comparing the 394 responses of fish exposed to the 0.5 mixture dilution; these were approximately 20% 395 and 80% at 20 and 30 C, respectively. After seven days, however, this effect could 396 no longer be detected. This indicates that the rate of VTG induction was affected, 397 such that the response reached its maximum level more rapidly in fish maintained at 398 the higher temperature. Conversely, at the lower temperature, fish accumulated VTG 399 at a slower rate, but ultimately, after seven days, there was no difference between the 400 responses achieved under either thermal regime. It was somewhat surprising that the 401 effects were so transient, given that temperature-dependent effects on VTG induction 402 in goldfish were apparent after ten days of exposure. The magnitude of the effect 403 was also greater in goldfish. This may reflect the wider temperature differential 404 assessed by Ishibashi et al. (2001) , compared to the present study (10 vs. 20 C) . 405
Analysis of temperature-related effects on VTG gene expression revealed a similar 406 pattern after 24 hours, with the fish maintained at 30 C exhibiting a greater response. 407
In contrast, after seven days, there was a reversal in this trend. Published data on thekinetics of the VTG response demonstrate that this molecular response is induced 409 rapidly and reaches a plateau within three days of exposure (Schmid et al., 2002) , 410 indicating that, after seven days, the levels are likely to have stabilised. Differences 411 in VTG gene expression levels could be explained by a compensatory mechanism if, 412 for example, the efficiency with which this genetic information is translated at the 413 biochemical level increases with temperature. The likelihood of temperature-related 414 effects on gene translation can be investigated by comparing the ratio of VTG protein 415 per unit gene expression, which revealed that translation efficiency was higher in the 416 30 C treatment group at each time point. This pattern is consistent with the findings 417 of Mackay and Lazier (1993) and supports their assertion that temperature-dependent 418 effects on the induction of VTG protein occur as a result of both differences in gene 419 transcription and translation efficiency. 420
The results of this investigation provide convincing evidence that temperature has a 421 confounding effect on the estrogenic response of fish and that this is manifested both 422 at the molecular and physiological level. Initially, the fish exhibited a more 423 pronounced response to the mixture at the higher temperature, which made the 424 mixture appear more potent in this treatment group. Presumably, this occurred as a 425 result of temperature-dependent effects on the rate of physiological processing 426 (Heugens et al., 2003) . The effects on VTG protein levels were transient, however, 427 and the positive relationship between temperature and gene expression after 24 hours 428 was subsequently reversed. In contrast, the difference between the ratio of the 429 proteomic and molecular responses increased with the duration of exposure, 430
suggesting that the equilibrium between the transcriptional and/or translational 431 factors varies, depending on the thermal regime. As such, it would be interesting todetermine whether this has implications at higher levels of biological organisation, 
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